In this study, stable isotope signatures (δ 13 C, δ 15 N, and δD) of both tea leaves and tea infusions were investigated to identify the geographical origin of Turkish domestic and imported tea samples. Sixteen domestic tea samples collected from different locations in the Black Sea Region, which produces almost 100% of tea in Turkey, and 11 imported tea samples (Kenya, India, Sri Lanka, Indonesia, and China) purchased from importers were studied. δ 13 C, δ 15 N, and δD in the samples were determined using isotope ratio mass spectrometry (IR-MS). δ 13 C in the samples ranged from −29.18 ± 0.01 to −25.7 ± 0.2, while δ 15 N ranged between 1.1 ± 0.2 and 5.2 ± 0.8. However, δD in the samples were found to be in the range from 56.5 ± 0.3 to 72 ± 1. The classifications of the tea samples into domestic and imported tea samples were achieved with 100% accuracy using multivariate statistical analyses (principal component analysis, PCA, and hierarchical cluster analysis, HCA). In conclusion, the domestic tea samples had a distinctive isotopic fingerprint and the isotopic ratios used in the study can be significant predictors in determination of the geographical source of Turkish tea.
Introduction
Tea is one of the world's most popular agro products and most widely consumed beverages. China is the largest tea producer in the world, with a production quantity of 1,700,000 tons/year, followed by India (1,000,000 tons/year), Kenya (369,400 tons/year), Sri Lanka (330,000 tons/year), and Turkey (225,000 tons/ year). [1] The price of tea varies depending on brand and geographical origin, so it is important to determine the geographical origins of tea to protect consumers and the global food trade.
Various analytical techniques have been employed to characterize the geographic origins of tea samples such as atomic absorption spectrometry (AAS), inductive coupled plasma atomic emission spectrometry (ICP-AES), and ICP mass spectrometry (ICP-MS) for determination of elemental contents- [2] [3] [4] ; liquid chromatography mass spectrometry (LC-MS) for determination of metabolic markers; [5] gas chromatography (GC) for detection of volatile components [6, 7] ; capillary electrophoresis for testing major amino acid and theaflavin contents [8] ; high-performance liquid chromatography (HPLC) for detecting phenolic constituents and free amino acid contents; [9, 10] and colorimetric measurements for determination of free amino acid contents. [11] However, recent reports show that the isotope ratio mass spectrometry (IR-MS) technique has gained increasing importance in discriminating the geographical origins of tea samples . [2, 12, 13] This technique has also been widely used in the geographical assessment of a wide variety of food commodities such as coffee beans, [14, 15] honeys, [16] olive oils, [17] cabbages, [18] sugars, [19, 20] milks, [21, 22] potatoes, [23] rice, [24, 25] sheep tissues, [26] cattle, [27] [28] [29] lamb, [30] [31] [32] and swine. [33] IR-MS is a technique that can discriminate chemically identical compounds based on their isotopic compositions. [34] In particular, determinations of isotopic ratios of carbon, nitrogen, hydrogen, and oxygen, so-called bio-elements, have been used successfully to provide information on the origin of food products. The bio-elements' isotopic ratios of agricultural products depend on various factors. The measurement of isotope ratios of oxygen and hydrogen in water is appropriate for the characterization of geographical differences because they are strongly dependent on latitude.- [35] The ratio of 2 H/ 1 H is also related to the meteorological cycle of evaporation, condensation, and precipitation of water for food provenance. [36] The 13 C/ 12 C ratio is affected by the biochemical fixing of CO 2 (C3 or C4-plant) and only slightly modified by climatic effects. C3 plants use the Calvin photosynthetic pathway to assimilate CO 2 . During this cycle, the plants discriminate against 13 C and therefore possess relatively lower 13 C/ 12 C ratios than C4 plants that utilize the more energy efficient Hatch-Slack pathway. Because C4 plants are more common in warmer climates at lower latitudes (such as the tropics) and C3 plants predominate at higher latitudes, a gradient decrease of 13 C/ 12 C in plant material from the equator to the poles, which can also be used as a proxy for determination of geographical origin, is observed. [36] There is a general agreement that C3 plants have 13 C/ 12 C = δ 13 C values from −23‰ to −28‰, while C4 plants have values from −9‰ to −15‰. [37, 38] In addition, 15 N/ 14 N signatures of plants can be affected by a wide variety of natural environmental factors such as water stress, climatic conditions, salinity, and soil processes, particularly de-nitrification and mineralization. [39] [40] [41] Therefore, isotopic ratios of these elements can be used as a good descriptor for different food products, providing unique and representative fingerprints that make it possible to differentiate between food samples and their geographical origins.
IR-MS data can be used in combination with chemometric techniques for better determination of geographical originality. The chemometrical processing of the isotopic results can provide a more accurate classification of the samples according to their geographical origins. Multivariate statistical analysis (MSA) is a useful chemometrical technique for determination of common patterns in data distribution, leading to a reduction of the initial dimension of data sets and facilitating its interpretation. [42] Several applications of MSA, mainly principal component analysis (PCA) and hierarchical cluster analysis (HCA), can be found in the literature with respect to establishing the origin of various food products. [43] [44] [45] The objective of this research was to develop a novel method that uses carbon, nitrogen, and hydrogen isotopes in combination with MSA to discriminate Turkish tea from the foreign teas.
Materials and methods

Chemicals
The following carbon isotopic reference materials were used as reference materials in this study: sucrose (IAEA CH6) δ 13 
Sampling
Sixteen black tea samples were collected from tea plantation areas located in the east Black Sea region of Turkey. It was reported that the eastern Black Sea region accounts for nearly 100% of all tea production in Turkey. [46] All of the tea plantation areas in Turkey are located in this region and 66% of the total tea plantation areas of Rize, whilst the rest of them are of Trabzon (20%), Artvin (11%), Giresun and Ordu (3%), respectively.
[47] Collected samples from the eastern Black Sea region were marked as domestic tea samples. Sampling locations of the domestic tea samples are illustrated in Table 1 . An additional 11 imported tea samples from India, Sri Lanka, Indonesia, Kenya, and China were purchased from commercial importers. The geographical origins of the imported tea samples were recorded using their brands. The samples were collected in November 2012 and stored at room temperature until further processing.
Sample preparation
Fifty grams of tea leaves were ground in a crusher after drying in an incubator at 70°C for 2 h and then passed through a 140-mesh sieve. The resulting powder, comprising particles of less than 100 μm diameter, was collected for stable isotope analysis. The sieved portions were directly analysed in the IR-MS instrument as a general agreement for standardized IR-MS analysis. Additionally, an extraction procedure was tried to achieve more reproducible results and the results obtained from the directly analysed samples and extracted samples were compared. For the extraction procedure, a 100 mL of boiled ultrapure water was added to 20 g of a black tea sample. The mixture was held for 20 min at 100°C in an ultrasonic bath and left to cool at room temperature. The prepared mixture was filtered to obtain a clear solution and 5 mL of the supernatant was evaporated to dryness overnight in an incubator at 70°C. The dried material was then introduced into the IR-MS. Approximately 150 ± 50 μg of materials (reference standard, ground tea sample, or extracted tea sample) was weighed in a small tin capsule by an MX-2 ultra microbalance and placed into the autosampler unit of an elemental analyser. Each material was measured three times. The results obtained from analysis before (directly analysed samples) and after extraction were compared to evaluate the efficacy of the method's performance.
Analytical conditions
The oxidation and reduction reactors of the IR-MS equipment were heated to 1020°C and 650°C, respectively. The oven temperature was set to 50°C. The carrier gas (He) flow was 110 mL min− 1 . The flow rate of O 2 gas flash combustion was 175 mL min− 1 . The carbon, nitrogen, and hydrogen in the samples were converted into CO 2 , N 2 , and H 2 , respectively, and ionised. The ionised heavy and light isotopes were separated with a magnetic field and detected by the Faraday collector. CO 2 of known δ 13 C content was introduced as a pulse of reference gas. The CO 2 reference gas pulse was introduced four times (20 s each) at the beginning of each run. The δ 15 N composition was measured relative to a reference gas pulse of known δ 15 N composition. Hydrogen gas of known δD was inserted as pulses of reference gas. The gases were passed into the IR-MS and the isotope compositions were calculated. The isotopic values were expressed using the following formula:
where R sample and R standard are the isotopic ratios of the sample and the standard materials, respectively. All analyses of the samples were replicated three times and the average and standard deviations were calculated. The calculated results were accepted if the standard deviation of three results of an introduced sample was <0.2‰. The run time of the experiment was approximately 15 min for a single run. 13 
Method validation
The validation of the method was carried out by the following parameters: selectivity, stability, linearity, accuracy, and repeatability. [48] Selectivity was controlled by introducing a reference gas pulse and reference materials (IAEA CH6, IAEA CH3, and USGS 34). Stability of an analytical method means that the sample provides equivalent quantitation both during and after storage. Stability testing of the method was performed by determining long-term stock stability by using a reference material. Linearity of an analytical method is its ability to elicit test results that are directly, or by means of well-defined mathematical transformations, proportional to the concentration of analytes in samples within a given range. The linearity study was carried out using standard samples of IAEA CH6 and IAEA CH3. Accuracy can be described as the closeness of agreement between the value that is adopted, as a conventional, true, or accepted reference value, and the value found. Accuracy was calculated as the absolute error between the reference material and the found value. The repeatability of the isotope ratio measurement was found by measuring a set of prepared and mounted samples on different occasions, preferably separated by several days under normal operating conditions. The repeatability of the method was calculated using 12 consequent measurements and expressed as the per cent relative standard deviation (RSD%).
Statistical analyses
The results were statistically analysed using analysis of variance (ANOVA, p<0.01). Significant means were subjected to analysis using Duncan's multiple range test (p<0.05). The statistical analyses were performed using the Statistical Analysis System software. [49] In this study, pattern recognition methods were applied involving display methods such as PCA and HCA. The statistical package Minitab ® Release 14.1 was used for these analyses.
[50]
Results and discussion
The method used demonstrated acceptable performance for the analysis of isotopic ratios of tea samples. Isotopic peaks of H were well separated with no interfering peaks and noises. According to the result of stability, there were no significant differences among the isotopic values of the reference materials during the time interval (2 weeks). The linearity of the method has high correlation (r 2 = 0.992). The accuracy of the method was satisfactory (0.53‰). The RSD value for the determination of repeatability was found to be 0.08. The results from the method validation study showed that the method adequately met the validation criteria and was successfully used to analyse the isotopic ratios in tea samples. However, the other parameters such as sample preparation step should be optimized.
The sample introduction step of IR-MS analysis is a critical stage for obtaining reproducible, accurate, and precise results. The amount of sample used for the EA-based IR-MS system is extremely small. It has been reported in the literature that the sample weight introduced to the IR-MS system should be approximately 150-200 µg. [51] [52] [53] However, a weighted sample may be represented by different parts of a plant body such as stem or leaf and/or other non-interested materials such as dust and debris. This can result in an increased standard deviation in the repetitive analysis for each sample. In this study, ground tea samples were introduced into the IR-MS in two ways in order to evaluate the effects of sample uniformity on the analytical results: a) direct introduction (without extraction), and b) after an extraction process. The results showed that there were significant differences between the standard deviations of the directly introduced samples and the extracted samples. The obtained results from the extracted samples were found to be more reproducible than those of the directly introduced samples. Therefore, the results of the extracted samples were used for the determination of geographical origins. The results of isotopic ratios of C, N, and H for the extracted tea samples are shown in Table 1 and a statistical evaluation of the data is presented in Table 2 . δ N, and δD values in the domestic tea samples were not found to be significant. This result can be explained by the fact that the locations of domestic samples were close to each other. The ranges of isotopic ratios in the samples were in good agreement with those obtained in some previous studies. [2, 13] δ 13 C and δ
15
N distributions of three different Chinese teas analysed in the study were found to be in the range from −27.46 to −25.66 and from 2.35 to 4.14, respectively. These results are consistent with those of Zhang et al (2012) [13] who reported the δ There were significant differences between the domestic and imported tea samples. The δ
13
C results of domestic tea samples were slightly lower than those of imported tea samples. These low values could be explained by the high humidity in the locations of sample sites. Black Sea region, where the samples were collected, has an oceanic climate with high and evenly distributed rainfall the year round. The coast of the region receives the greatest amount of precipitation and is the only region of Turkey that receives high precipitation throughout the year. Similarly, the δ 15 N values of the domestic tea samples were found to be lower than those of imported tea samples. The isotopic compositions of nitrogen mainly depend on temperature variation, soil nutrition, and de-nitrification and are influenced by the type of fertilizer used. In addition, significant differences were observed between the δD results of domestic and imported tea samples. Although the mean level of δD was found to be 60 ± 2 in domestic tea samples, the level was 65 ± 4 for imported tea samples. Variation among the δD compositions of the samples can be attributed to the differences of latitudes and natural environmental factors such as meteorological conditions, water stress, and mineralization in the locations tea plants are grown.
A three-dimensional scatter plot (Fig. 2) of the three variables (δ 13 C, δ 15 N, and δD) was generated in order to see possible clustering of the 27 tea samples. As seen from the figure, imported tea samples have larger δ 13 C, δ 15 N, and δD values. The figure also shows that some of the domestic tea samples overlapped with imported samples. As a result, it is difficult to deduce an overall conclusion on the differences in isotopic contents between domestic and imported tea samples due to the limitations of single-variable statistical analysis. Therefore, pattern recognition procedures such as PCA and HCA were used to achieve more reliable results about the geographical locations of teas.
Principal component analysis
PCA describes the relationships of multidimensional data arrays between variables and objects in a rigorous and comprehensive way. PCA greatly reduces data and presents different manners of interpretation. [45] In mathematical terms, PCA relies upon an eigenvector decomposition of the covariance or correlation matrix. [54] In the study, 89.6% of the total variability among the three variables in the original data was explained by the first two principal components (PC1-2), where PC1 and PC2 contributed 72.12% and 17.63% of the total variance, respectively. The results suggest that the first two components are significant factors in determining the geographical origin of tea samples. The scatter plot of the first two discriminate functions from the analysis of the samples is presented in Fig. 3 . While examining the scatter plot graphic, a clear separation between domestic and imported tea samples from different geographical origins was revealed. 
HCA analysis
HCA can be considered to be an alternative to PCA and is the most commonly applied cluster analysis (CA) method for environmental analysis. HCA examines distances between data set and samples. The result obtained could be presented in a two-dimensional plot called a dendrogram. [45] HCA of samples was carried out using the selected isotopic contents as variables, the squared Euclidean distance as a similarity measurement, and Ward's method as an amalgamation rule. The resulting cluster dendrogram is shown in Fig. 4 . As can be seen from the figure, there is a clear discrimination between the domestic and imported tea samples. The first cluster was composed of domestic tea samples (from 1 to 16), followed by a second cluster that included imported tea samples (from 17 to 27). Therefore, it can be concluded that two different origins of the samples can be clearly clustered together, using HCA based on the isotopic content in tea extracts. Similar results were obtained in both PCA and HCA. 
Conclusion
This study has shown that the geographical discrimination of tea origins can be easily achieved through the extraction technique employed here. The ranges of isotopic ratios of 13 H in extracts of tea samples with different geographical origins were in good agreement with the levels obtained in previous studies. However, it was found that there are considerable isotopic differences between domestic and imported tea samples. The classification of these samples was accomplished with 100% accuracy using PCA and HCA. In conclusion, domestic tea samples had a distinctive isotopic fingerprint, and the δ 13 C, δ 15 N, and δD values can be significant predictors in discriminating the geographical source of tea. This technique may be adapted to determine the geographical origins of other infused products such as medicinal herbs (linden, thyme, ginger, cinnamon, etc.) and coffee. Figure 4 . Dendrogram of cluster analysis.
